Abstract The main objective of the present study was to investigate invertebrate colonization processes at deep-sea hydrothermal vents in response to environmental factors and to the presence of complex artificial substrata (i.e., synthetic sponges). We set out a pilot experiment at 1700 m depth on the Lucky Strike vent field (Eiffel Tower, Mid-Atlantic Ridge). Synthetic sponges were deployed in 2011 at five sites along a gradient of hydrothermal activity and were recovered in 2013, and the composition of macro-and meiofauna was assessed on four of them. The influence of temperature and fluid inputs on colonizer faunal abundance and diversity was analyzed. Faunal abundance and diversity decreased with increasing distance from vent emission. The colonizers were represented by a subset of species characterizing the natural populations at the Eiffel Tower edifice. Some taxa (e.g., pycnogonids, ophiuroids, cnidarians, foraminiferans) represented new records not yet found on deployed substrata on the Eiffel Tower. Synthetic sponges harbored a high percentage (from 17.5% to 55%) of juveniles and larval stages of polychaetes, molluscs, and copepods. A mature nematode community (mainly Cephalochaetosoma and Halomonhystera) in a reproductive stage was found. Variability in faunal composition was significantly correlated with distance from fluid emission. We hypothesize that the complex structure of inorganic sponge substrata may have favored settlement of juveniles and larvae. Sponge substrata may, therefore, help sample a wider range of organisms than other substrata, and, thereby, provide a more complete picture of vent biodiversity. The results provided in this study might improve our understanding of mechanisms that govern faunal colonization processes at vents.
Introduction
Hydrothermal vents (HVs) are hot spots of high productivity and biomass when compared to the surrounding deep-sea benthos (Tunnicliffe 1991; Van Dover 2002) . As vent fluid emissions are transient, hydrothermal sites have ephemeral lifespans ranging from years [e.g., the East Pacific Rise (EPR); Lutz et al. 2008 ] to decades or centuries [e.g., the Mid-Atlantic Ridge (MAR); Humphris et al. 2002] . Vents are patchily distributed and isolated from each other with large differences in the spatial frequency of venting between ocean ridges (Beaulieu et al. 2015) . On fast-spreading ridges like the EPR, characterized by frequent eruptions (Shank et al. 1998) , vents are generally separated by a few kilometers (Tolstoy et al. 2006) . Conversely, on slow-spreading ridges (e.g., the MAR), vent sites are more distant from each other (i.e., 100-350 km; Beaulieu et al. 2013 ). In the Pacific, even when the nearest populated HV is situated several kilometers away (Marcus et al. 2009 ), nascent vent sites appear to be rapidly (months/years) colonized by vent organisms issued from a pool of regional species (Tunnicliffe et al. 1997; Mullineaux et al. 2010; Gollner et al. 2013) . As in most ecosystems, colonization processes are intimately linked to reproduction, larval dispersal, and recruitment, as well as to immigration from surrounding environments (Gaudron et al. 2010) , data for which there are still major knowledge gaps. Moreover, biological interactions between vent colonizers contribute to Communicated by D. Leduc determine and maintain the composition and diversity of hydrothermal communities (Govenar and Fisher 2007 and literature therein) . Shank et al. (1998) suggested that successful vent faunal colonization may be strongly influenced by physical oceanographic processes and hydrothermal conditions, and also by temporal changes in the geochemical composition of fluid emissions. In addition to the influence of fluid chemistry, the modification of substrata by microbial alteration or a preceding faunal species is an important mechanism that influences the colonization by a succession of species (Shank et al. 1998) . However, our knowledge of colonization processes in the vent environment is still limited, since natural recolonization observations restricted to the Pacific Ocean were major volcanic eruptions that lead to the formation of new colonization areas. At more temporally stable vent sites (MAR for example; Cuvelier et al. 2011a, b) , other means have to be found to gain insights about recruitment dynamics.
Over the last several decades, several colonization experiments have been used to help identify the factors that influence the recruitment and settling of species in the vent environments. These studies focused on the deployment of substrata, using a variety of experimental designs, substratum types (i.e., organic and inorganic), and durations (e.g., from months to years). They were done mainly on the EPR Gollner et al. 2013 Gollner et al. , 2015 , on Juan de Fuca Ridge (northeast Pacific; Kelly and Metaxas 2008) , and along the MAR (Gaudron et al. 2010; Ivanenko et al. 2011; Cuvelier et al. 2014; Zeppilli et al. 2015; Plum et al. 2017) . On the EPR and Juan de Fuca Ridge, the type of substratum and their structural complexity heavily influenced the vent faunal colonization in terms of abundance and diversity Kelly and Metaxas 2008) . In the Govenar and Fisher (2007) case study, artificial tube worms were deployed along a chemosynthetic primary productivity gradient including areas in which Riftia pachyptila does not occur. The authors demonstrated that complex physical structures could support the highest colonizers' density and diversity in areas of high chemosynthetic primary production. Moreover, a similar species richness was reported between natural aggregations of R. pachyptila and artificial aggregations in intermediate and high productivity zones, suggesting that complex physical structure alone can support local species diversity in active venting areas. On the MAR, colonization experiments on different organic and inorganic substrata have shown that, after 2 years, the environmental conditions rather than the type of substratum were the most important factors influencing the settlement and colonization of fauna (Ivanenko et al. 2011; Cuvelier et al. 2014; Plum et al. 2017) . In contrast, the same experimental design showed that, after 9 months, the density and composition of colonizing nematodes were rather significantly influenced by the type of substratum (Zeppilli et al. 2015) . Differences in conclusions from these studies emphasized the fact that deployment duration is an important factor to consider when examining colonization processes.
In addition to abiotic and biotic factors, habitat complexity, including habitat provision by other species, is known to play a key role in facilitating species abundance and diversity (Hull 1997; Bertness et al. 1999) . Complex habitats contribute to increasing the area available for settlement, benefit the retention of propagules (Eckman 1987; Tsurumi and Tunnicliffe 2003) , and create a variety of microhabitats that favor species interactions (Kelly and Metaxas 2008) . Moreover, the provision of space may also offer protection from predators and contribute to the concentration of food resources (Van Dover 2002; Govenar et al. 2005; Govenar and Fisher 2007) .
In the present study, we continue the examination of factors that influence colonization processes on a particular substratum (artificial sponge) as part of a larger integrative study that was initiated in 2006 ) and is still on-going. The overall objective of this global study is to better understand colonization processes at deep-sea HVs in response to environmental factors such as temperature, fluid flow, and the presence/ structure of different substrata. This was experimentally assessed by using different types of substrata (wood, bones, slates, and sponges) that were deployed along a gradient of venting activity in the vicinity of the Eiffel Tower edifice at 1700 m depth on the Lucky Strike vent field located on the MAR. The results presented here concern only those obtained on the sponges between 2011 and 2013. We first examined the abundance and diversity of faunal assemblages, i.e., meio-and macrofaunal compartments, found on synthetic sponges after a 2-year deployment duration and explored the relation between estimated environmental conditions (temperature, fluid inputs) and faunal abundance and diversity. In the discussion, we compare our results with those obtained in preliminary and on-going experiments. Although the absence of duplication limits our conclusions, this study presents a first insight on how a complex 3D structure, not directly deployed on the seafloor, may influence colonization processes in the vicinity of vents.
Materials and methods

Study site
The Lucky Strike vent field is located on the MAR, south of the Azores (37°17.5′N, 32°16′W; Fig. 1 ). This vent field is characterized by the presence of multiple sulfide edifices located around a fossilized lava lake, at a mean depth of 1700 m (Ondréas et al. 2009 ). The 11-m-high Eiffel Tower is a well-defined active edifice located south-east of the lava lake. Hydrothermal activity on the structure occurs through black smokers, flanges, or diffusion zones (Cuvelier et al. 2009) , and the temperatures of the focused emissions can reach 324°C (Charlou et al. 2000) . The entire edifice is colonized by different faunal assemblages that were characterized by a series of ecological studies (Cuvelier et al. 2009 (Cuvelier et al. , 2011a Sarrazin et al. 2015; Husson et al. 2017) . Out of the six assemblages characterized by Cuvelier et al. (2009) , five are visually dominated by mussels, differing in size and in the presence or absence of microbial mats. These assemblages colonize a narrow range of low-temperature habitats, ranging from 4.8°C to 8.8°C in the mussels . A sixth assemblage is composed of shrimp, mainly Mirocaris fortunata that inhabit warmer habitats, with temperatures reaching up to 9.5°C (Cuvelier et al. 2011a ). The diversity varies strongly along the fluid-mixing gradient, with higher densities and species richness observed in low-temperature habitats . Since 2006, a series of colonization experiments were deployed on and around this edifice Zeppilli et al. 2015; Plum et al. 2017) . The results presented here represent only a snapshot of the experiment performed between 2011 and 2013. Data on copepods from the same experiment but on the other substrata (slate, wood, bones) are presented in Plum et al. (2017) .
Experimental setup
Five single substrata (slate, wood, cow and pig bone, sponge) were deployed during the MoMARSAT 2011 cruise at five sites (1 to 5) located along a gradient of hydrothermal activity, representing a single sponge substratum per site. These sites were selected in previous experiments Zeppilli et al. 2015; Plum et al. 2017 ; Fig. 1 ), allowing for the characterization of the activity gradient between the sites. Site 1 was the least active area located at the base of the edifice (low fluid input). Site 2 (high emission) was the most active area among the selected sites. It is located on the north-west side of the Eiffel Tower on top of the edifice. This site harbored the denser assemblages of Bathymodiolus azoricus mussels. The substrata at site 3 (intermediate emission) were placed near a crack with diffuse fluid flow characterized by the presence of a low abundance of Bathymodiolus azoricus surrounded by microbial mats. Site 4 (inactive) was located 25 m from two active edifices (Eiffel Tower and Montsegur) and was chosen as an external site with limited hydrothermal input. A fifth site, located away from any hydrothermal influence, was added to the previous colonization experiments (see site 5, Fig. 1 ). This new site 5 (external) is situated in the lava lake and characterized by the absence of detectable hydrothermal influence (Table 1) . To facilitate deployment and recovery, the synthetic sponges were tied by a~15-cmlong nylon rope to the wood substrata (Fig. 1) . The latter was equipped with an autonomous temperature probe (HOBO U12-015-02, Onset), which recorded the local temperature on each site (as a proxy of hydrothermal activity) at 15-min intervals during the entire deployment period. The synthetic sponges (namely E1 to E5) are similar to those used in the shower (mesh bath sponges). They are made in polyethylene, a chemically resistant thermoplastic that can be very durable. These sponges are characterized by the presence of numerous holes of~1 mm diameter, creating a net-forming convolution. The estimated planar colonization surface of each sponge is approximately 0.455 m 2 . Before 2011, no sponges were deployed on the Eiffel Tower colonization experiment. The idea behind deploying these sponges was to offer a complex 3D substratum to the colonizing fauna and also a substratum that was not directly laid on the rock substratum as the others but, rather, floating at approximately~50 cm from the seafloor. We postulated that our chance to trap larvae was increased in comparison with the other type of substratum and, also, that the complex structure of the sponge would offer better protection against predators and a more suitable habitat for smaller organisms. The results presented here concern only those found on the sponges. All 2011 substrata were recovered during the BIOBAZ 2013 cruise with the remotely operated vehicle (ROV) VICTOR 6000. A few substrata were lost, including a bone from site 5 and the sponge from site 1 (E1), which was lost during recovery. This study is based on data available from four (sites 2-5) of the five initial sites.
Evaluation of environmental conditions
In our dataset, the highest temperature (7.3 ± 1.6°C) was found at site 2, which is, concordantly, the site with the highest fluid inputs. Site 3 was characterized by intermediate temperatures (5.5 ± 0.6°C), while the inactive site 4 and external site 5 were characterized by the lowest temperatures (4.7 ± 0.1°C and 4.3 ± 0.1°C, respectively), representing low to no hydrothermal influence ( Table 1 ). The mean temperature values reported in the present study (2011) (2012) (2013) fell in the range of temperatures reported in previous experimental studies conducted between 2006 and 2011 and characterizing the investigated sites Zeppilli et al. 2015) . Previous studies have demonstrated that temperature at the Lucky Strike vent field is a valuable proxy of the chemical characteristics of vent fluids ). For instance, temperature correlates positively with total dissolved sulfide and iron concentrations (De Busserolles et al. 2009 ). Fluid input can also be estimated using the formula proposed by Sarradin et al. (2009) : % = 0.314*T − 1.38, calculated with the Eiffel Tower end-member temperature of 324°C reported by Charlou et al. (2000) and an ambient temperature of 4.4°C. Indeed, fluid inputs are very low in diffuse flow areas, varying from 0.9% at our most active site 2 to 0.05% at the external site (Plum et al. 2017 ; Table 1 ).
Sample processing
Upon recovery, all substrata were put in a thermally insulated sampling box and brought to the surface. On board, macrofauna (organisms retained on a 250-μm mesh) was sorted and separated into major taxa. The rinse-off of each substratum was put into separate flasks. Half of the samples were fixed in buffered seawater formalin (4%) and the other half was preserved in 96°ethanol. In the laboratory, samples were analyzed in detail and passed over 250-μm and 20-μm sieves to separate the macrofaunal from the meiofaunal fraction. The limits of 250 μm and 20 μm for separating the faunal pool into macrofaunal and meiofaunal size classes, respectively, were chosen in order to easily compare our results with previous studies Sarrazin et al. 2015; Zeppilli et al. 2015; Plum et al. 2017) . In particular, the use of a 20-μm sieve for deep-sea meiofaunal fraction is recommended to avoid underestimation of biodiversity . Juveniles of macrofauna found in the meiofaunal fraction were considered as temporary meiofauna. All faunal organisms retained on the sieves were identified under a Leica Wild 10 stereomicroscope. For nematode identification, 150 randomly collected individuals were mounted on slides after formalin-ethanol-glycerol treatment. They were identified to the genus level according to Platt and Warwick (1983, 1988) , Warwick et al. (1998) , and the recent literature dealing with new nematode genera and species from the Atlantic Ocean (NeMys database; Deprez et al. 2005) . Different faunal morphotypes and/or unknown species were reported as sp1, sp2, etc. Furthermore, a colonization rate index (CI) was calculated by dividing the average number of colonists (per m 2 ) by the number of days the sponges stayed at the seafloor (as proposed by Cuvelier et al. 2014 and adapted from a recruitment rate index from Romey et al. 1991 ; Table 2 ).
Statistical analyses
Meio-and macrofaunal abundances were expressed as individuals/m 2 and are reported in Table 2 . Meio-and macrofaunal diversity was expressed as taxonomical richness (TR) and Sponge E1 was lost during recovery. T (°C) was measured with autonomous temperature probes deployed at each site. Standard deviations are given in parentheses. Fluid inputs (%) have been estimated using the formula provided by Sarradin et al. (2009) the rarefaction biodiversity indices for theoretical samples of n = 50 and n = 100 individuals were calculated. All indices were calculated using the PRIMER 6 software (Plymouth Marine Laboratory, UK; Clarke 1993). Larvae and nauplii were not included in the taxonomic richness or in other diversity indices. Due to the lack of replicates, statistical analyses were limited to a principal component analysis (PCA) and a nonparametric multivariate multiple regression analysis. The PCA, based on square-root-transformed data, was used to visualize between-sponge variations in meio-and macrofaunal composition (PRIMER 6 software, Plymouth Marine Laboratory, UK; Clarke 1993). The relationship between meiofaunal and macrofaunal abundance and diversity and environmental variables (temperature, fluid inputs) was evaluated with a non-parametric multivariate multiple regression analysis (DistLM: distance-based linear model) using the PERMANOVA+ add-on package for PRIMER 6 software (McArdle and Anderson 2001; Anderson et al. 2008 ). For total abundance and diversity indices, the Euclidean distance was used as a resemblance measure, whereas for species composition, the analysis was based on Bray-Curtis dissimilarities (with square-root-transformed abundance data). Forward selection was carried out and the adjusted R 2 was selected as the criterion to enable fitting of the best explanatory environmental variables in the model (Anderson et al. 2008) . The results are provided as marginal and sequential tests. The marginal test revealed how much each variable explains individually, ignoring all other variables. Following the results of this test, a sequential test was performed which examined whether the addition of a particular variable contributes significantly to the explained variation (Anderson et al. 2008) .
Results
Faunal communities
Taxonomic composition. A total of 35 faunal taxa colonized the sponges (Table 3) . Among these, 19 taxa were found exclusively in the macrofaunal size class and four exclusively in the meiofaunal one (Table 4 ). The macrofauna was dominated by polychaetes with ten taxa, followed by gastropods (four taxa), chelicerates (two taxa), and ophiuroids, mytilids, and cnidarians (one taxa each). In the meiofaunal, only nematodes (three taxa) and one polychaete (Hesionidae sp. 1) were restricted to this fraction. Larvae of polychaete and bivalve settlers were found, as well as numerous copepod nauplii (Table 3) . Polychaetes, crustaceans, foraminiferans, and cnidarians were found either on active or on inactive sites (Table 4) . However, chelicerates, ophiuroids, mytilids, and most gastropods were restricted to the substrata located at active and intermediate sites (2 and 3). No copepod nauplii and almost no nematodes were found on the substrata at inactive and external sites (4 and 5). With the exception of five polychaete taxa (Glyceridae sp. 2, Ophryotrocha sp., Hesionidae sp. 2 and sp. 3., Trichobranchidae undet.), only a few taxa (Lepetodrilus sp., Nematode undet.) appear to be exclusive to inactive sites (Table 4) .
Density. The highest faunal density (175,818 ind./m 2 ), including juveniles and nauplii, was found on substrate E2 (high emission) and the lowest was found at the inactive site E4 (532 ind./m 2 ) ( Table 2 and Fig. 2) . Overall, the abundance of organisms belonging to the meiofaunal size class decreased with the diminution of fluid emissions. With the exception of site 5, the meiofaunal fraction dominated the total faunal abundance, varying from 166,736 ind./m 2 on E2 (high emission site) to 371 ind./m 2 on E4 (low hydrothermal influence) (Fig. 2) . The density of organisms found in the macrofaunal size class showed a similar trend, varying from 9081 ind./m 2 on E2 to 160 ind./m 2 on E4 (Table 2) . They showed a slight increase on site 5 (473 ind./m 2 ) (Fig. 2) . In more detail (see also Tables 3 and 4) , densities on E2 w er e d om i n at ed by D r a con em a t i da e n em a t od es (Cephalochaetosoma sp.), as well as by copepod nauplii and adults. The macrofaunal fraction was dominated by Dorvilleidae polychaetes. A similar result was reported on substratum E3 for the meiofaunal fraction, but the macrofaunal fraction was rather dominated by Bathymodiolus azoricus and Protolira sp. gastropods. For external site 4, the meiofauna on E4 was dominated by bivalve settlers, as well as by adult copepods and ostracods. The macrofaunal density was low, with relatively few representatives of bigger size copepods, ostracods, nematodes, foraminifera, and bivalve The colonization rate index (CI) is also reported and calculated by dividing the number of animals (per m 2 ) by the number of days the substrata stayed at the seafloor settlers. No polychaetes were present. On E5 (inactive site), the meiofauna was also dominated by adult copepods and ostracods, as well as bivalve settlers. No nematodes were present. For the macrofauna, five families of polychaetes as well as adult copepods and bivalve settlers were present.
Diversity. A higher total taxonomic richness was reported on the sponges located at the most active sites E2 and E3 (Table 5) . However, the rarefaction diversity indices showed the highest value at the external site E5 (Table 5) . Lower values in the rarefaction diversity indices at E2 and E3 can be explained by a dominance of nematodes, particularly of the genus Cephalochaetosoma (representing 61% and 32% of the total abundance at E2 and E3, respectively) and copepods (representing 25% and 13% of the total abundance at E3 and E2, respectively) at the most active sites.
Community structure. The structure of communities on the sponge substrata changed along the emission gradient (Fig. 3a) . Nematodes, mostly represented by the genera Higher values are indicated in bold. The group of 'others' included molluscs and miscellaneous specimens too damaged to be identified Cephalochaetosoma, Halomonhystera, and Oncholaimus, highly abundant (> 70%) at site E2, were replaced by crustaceans (i.e., especially copepods) away from the vent emission. At all sites, the densities of larvae and juveniles was remarkable, varying from a minimum of 127 ind./m 2 on E5 (representing 18% of the abundance) to a maximum of 49,043 ind./m 2 on E3 (representing 55% of the abundance) (Fig. 3b) . It included larvae of polychaetes and juveniles of n e m a t o d e s ( m o s t l y C e p h a l o c h a e t o s o m a a n d Halomonhystera), bivalve settlers, as well as copepod nauplii and copepodid stages. Polychaetes had very low abundance on all substrata, except E5, where they represented 29% of the total abundance. The macrofaunal fraction represented a low proportion (~5%) of the total faunal abundance at both active (E2) and intermediate (E3) sites, but increased its contribution at the inactive (E4, 30% of the total abundance) and external (E5, 65% of the total abundance) sites.
The PCA showed that sponges situated at the high (E2) and intermediate (E3) emission sites were strongly separated from the other substrata (Fig. 4) , revealing a discrimination between sponges near the vent emissions with those located away from hydrothermal activity. The presence of high densities of Cephalochaetosoma explains the separation of E2 sponge, while the extremely high abundance of nauplii and copepods Only a few taxa are shared between active (E2 and E3) and inactive sites (E4 and E5). Ma organisms found exclusively in the macrofaunal size class (> 250 μm), Me organisms found exclusively in the meiofaunal size class (between 20 μm and 250 μm), Me/Ma organisms found in both meiofaunal and macrofaunal size classes on both E2 and E3 sponges explained their separation from the substrata at other sites (E4 and E5). Colonization index. The highest colonization index (CI) was found at the most active site E2, while lower values were found at the inactive and external sites (Table 2) . Also, the meiofaunal CI was higher compared to that of the macrofauna, with the exception of substrata E5, where the macrofaunal CI was higher than that of meiofauna (Table 2) .
Links with environmental conditions
The environmental variables are reported in Table 6 . The DistLM analysis was performed to assess the influence of environmental variables on faunal descriptors (i.e., faunal abundance, diversity index, and taxa composition). The results showed that changes in taxonomic composition were significantly correlated (66%) by the position of sponges from the fluid emission (Table 6 ), as observed in Fig. 5 . No other significant correlations were found between the other environmental predictors (temperature, fluid inputs) and the abundance and diversity of fauna (Table 6 ).
Discussion
This pilot study showed the preliminary results on deep-sea fauna (meio-and macrofaunal size classes) colonizing artificial sponges deployed in a gradient of environmental conditions in the vicinity of an active hydrothermal edifice on the Lucky Strike vent field (MAR). The role of environmental features on the composition, density, and diversity of the recruited fauna was considered. The consideration of the meioand macrofaunal size classes in our study differs from several others, in which they are considered separately. This dual approach is fundamental, since both size classes may have different life histories linked to their different dispersal patterns (Warwick and Clarke 1984; Gollner et al. 2015) and, therefore, exhibit different colonization patterns.
Insights on community composition and diversity
The meiofaunal fraction was the most abundant fraction on the sponges, representing 70% to 95% of the total densities, with the exception of site 5, in which the macrofaunal fraction dominated (representing 65% of the total density). The dominance of meiofauna (copepods and nematodes) was similar to that found in a previous study on natural faunal assemblages on the same edifice ) and on deployed artificial substrata . Nematodes are known to be a widespread dominant taxon that can cope with many habitat conditions (Zekely et al. 2006; Copley et al. 2007; Vanreusel et al. 2010 ) and be able to quickly (within months) colonize artificial substratum deployed at vents (Zeppilli et al. 2015) . Two genera (Cephalochaetosoma and Halomonhystera) dominated at the high and intermediate emission sites. This corresponds to what was already reported at the Eiffel Tower from both colonization experiments ) and natural communities (Sarrazin Taxonomic richness (TR, no larvae and nauplii) and the rarefaction biodiversity indices (n = 50 and n = 100) are reported. Higher values are indicated in bold et al. 2015), confirming the dominance of these two genera near the Eiffel Tower edifice. In this study, however, nematodes were almost absent from the substrata found at the external sites. This result differed from our previous colonization studies, in which they were represented along the hydrothermal gradient Zeppilli et al. 2015) . Hydrodynamic processes play a key role in species distribution and dispersal (Marsh et al. 2001) . The colonization of sponges placed in the vicinity of vent fluids may have facilitated meiofaunal groups with less dispersal potential, such as nematodes (Giere 2009 ), thanks to the transfer of organisms by local turbulence. Horizontal currents and fluid flux are known to affect faunal distribution and diversity in hydrothermal communities and several studies showed that, despite their limited active dispersal (Higgins and Thiel 1988) , nematodes were present in the water column, mainly suspended by water currents or bioturbation (Sibert 1981; Palmer 1988; da Fonsêca-Genevois et al. 2006) . Moreover, Boeckner and co-authors (2009) showed that different meiofaunal taxa, including nematodes, are able Fig. 3 a Faunal community structure characterizing the inorganic sponges deployed in the vicinity of Eiffel Tower. The contribution of the major taxa is expressed as %; the group 'others' includes all taxa representing less than 1% (i.e., cnidarians, echinoderms, foraminifera, chelicerates, hexapods). b Percentage of juveniles/larvae found (i.e., polychaetes, bivalves, nematodes, nauplii) vs. adults colonizing the sponges Fig. 4 Principal component analysis (PCA) based on the taxa composition of synthetic sponges' substrata deployed in the vicinity of the Eiffel Tower edifice on the Lucky Strike vent field, MAR to colonize substrata suspended at different distances (from 0.5 m to 3 m) above the seafloor. In their study, very weak currents, along with the effect of tides, were sufficient to suspend and transport the meiofauna into the water column and enhance their dispersal (Boeckner et al. 2009 ). In our study, nematodes were apparently unable to settle on the sponges, located above the seafloor, in areas located away from hydrothermal activity. Weak hydrodynamic processes encountered away from vents may have limited their settling.
As frequently noted for hydrothermal vents, copepods were the second most abundant meiofaunal taxon after nematodes (Vanreusel et al. 1997; Zekely et al. 2006; Gollner et al. 2007 ). They can thrive in different hydrothermal microhabitats and are able to colonize different organic and inorganic substrata (Plum et al. 2017) . Similarly to nematodes, copepods showed higher abundances at the active sites but, unlike them, they were still present, at lower densities, at the inactive and external sites. This pattern was opposite to that reported by Plum et al. (2017) , in which copepod densities from wood and slate substrata tended to increase with decreasing fluid inputs. This observation seems to support that the coupling between the type of substratum and the gradient of fluid emission also has a role in affecting the density patterns of copepods (Plum et al. 2017) .
The macrofaunal community composition on sponge substrata changed according to vent emissions and its abundance decreased at the inactive and external sites. The most represented macrofaunal taxa were those usually encountered at the Eiffel Tower vent site: the 'engineering' species B. azoricus, lepetodrilid gastropods, and polychaetes (Cuvelier et al. 2009; Sarrazin et al. 2015) , and reported also in a previous colonization study . However, despite their abundance at Eiffel Tower, no shrimp were extracted from the sponges. This may represent a sampling bias, as the shrimp are mobile and may have escaped during sponge recovery, but it is also likely that the microhabitat they offer does not correspond to that of the shrimp which are found in the warmer habitats of Eiffel Tower . Conversely, Emission position from fluid emission, SS sum of squares, F F statistic, P probability level, ns not significant *p < 0.05 taxa such as ophiuroids and pycnogonids that were never reported from our other substrata (i.e., wood and slate; Cuvelier et al. 2014) were collected. We can hypothesize that the convolutions of the sponges acted like a trap for these taxa, as initially expected. These organisms, that are part of the natural Eiffel Tower fauna, are difficult to sample , so the use of such heterogeneous substrata may offer a strategy for their collection. Indeed, the complex structure of synthetic sponges could represent a suitable habitat and their complexity may have favored the presence of a unique faunal community (Zekely et al. 2006) and increased the area available for settlement (Kelly and Metaxas 2008) . Furthermore, in environments subjected to physical stress, habitat complexity could increase the frequency of positive interactions enhancing faunal diversity (Kelly and Metaxas 2008 and literature therein) . Indeed, the presence of these taxa, new to the substrata (i.e., ophiuroids and pycnogonids), was detected only on the sponges deployed at the most active sites and subject to harsher environmental conditions. Sponges may also have been used as a protection against predators (Van Dover 2003; Govenar and Fisher 2007; Kelly and Metaxas 2008) . Moreover, as stated for nematodes, ophiuroid and pycnogonid propagules could have taken advantage from the vicinity of vent fluids to colonize the synthetic sponges. Gastropods (and a few other groups) appear to be restricted to the active areas, while the polychaete community appears to shift from one group to the other. Indeed, no redundancy in the polychaete taxa between the sponges located at the active and inactive sites is observed, as if there were two distinct communities. I n d e e d , s o m e f a m i l i e s s u c h a s A m p h a r e t i d a e , Polynoidae, and Spionidae are restricted to the venting areas. Others, such as Glyceridae, Dorvilleidae, and Hesionidae, have different morphotypes between the active and inactive ones. A better resolution in polychaete identification would help to describe these communities with more precision.
Even if the macrofauna found on synthetic sponges showed lower abundance values compared to the meiofauna, its diversity was almost twice that of the meiofauna, as observed in the natural Eiffel Tower communities . Nevertheless, this result could change once copepods are identified at a lower taxonomic level, i.e., genus or species (see Plum et al. 2017) , revealing a similar or even higher meiofaunal diversity when compared to the macrofaunal one. Taxonomic richness values on sponges were lower than those reported at the Eiffel Tower edifice (19 macrofaunal taxa versus 41 in Sarrazin et al. 2015) , but similar to those found in our previous colonization experiment (20 macrofaunal taxa in Cuvelier et al. 2014) .
A total of 35 faunal taxa colonized the sponges, representing 44% of the faunal richness identified at the Eiffel Tower edifice (79 meio-and macrofaunal taxa; Husson et al. 2017 ). This was slightly higher than those found on inorganic sponges deployed on the Juan de Fuca vent site (30 taxa; Kelly and Metaxas 2008) and organic and inorganic substrata deployed at the Eiffel Tower edifice . The repartition of macrofauna/meiofauna on the edifice shows that the number of taxa in the macrofauna dominates, representing~59% of the identified taxa . The repartition of macrofauna/meiofauna was approximately the same here (54%), although we did not reach a similar taxonomic resolution. In particular, while 12 taxa of copepods were found in Eiffel Tower habitats and 45 on wood, slate, and bone substrata from the same sampling sites (Plum et al. 2017) , in the present study, the copepods were only identified at the subclass level. This lack of taxonomic resolution leads to an underestimation of taxonomic richness, particularly in the meiofaunal compartment. Even if nematodes were identified at the lowest taxonomic level, only a low proportion of the natural vent nematode community was found on the sponges (four taxa on sponges/15 taxa on Eiffel Tower in Husson et al. 2017 ).
Influence of environmental conditions
The community structure on the sponge substrata changed along the emission gradient. Half of the taxa were indifferently present on active or inactive sites. For the rest of the fauna, similar proportions of taxonomic groups (~23%) were restricted either to areas influenced by hydrothermal activity or to those with little or no influence. For example, copepod nauplii and nematodes were restricted to the sponges from the active sites and over 35% of the polychaete taxa were only found on the sponges located outside the venting influence. Curiously, most of the bivalve settlers were found on the inactive sites. Whether they were representative of Bathymodiolus azoricus or of other bivalves remains to be resolved.
Four of the taxa (Bathymodiolus azoricus, Pseudorimula midatlantica, Lurifax vitreus, and Cephalochaetosoma) found on our sponges are the indicator species of cold microhabitats at Eiffel Tower . All these species were reported on synthetic sponges deployed at active and intermediate emission sites, in a range of temperature slightly higher than that of the cold microhabitats defined by Sarrazin et al. (2015; 5.11 ± 0.37°C) . Similarly to our findings, Cuvelier et al. (2014) reported the four taxa mentioned above on their organic and inorganic substrata deployed at active sites at the Eiffel Tower. Overall, the colonizing taxa confined on synthetic sponges deployed at sites 2 and 3 (active sites) were those usually found at the Eiffel Tower hydrothermal edifice, e.g., gastropods L. atlanticus, P. midatlantica, L. vitreus and the b i v a l v e B . a z o r i c u s ; t h e n e m a t o d e g e n e r a Cephalochaetosoma, Halomonhystera, and Oncholaimus; the polychaetes B. seepensis, as well as representatives of the families Glyceridae, Ampharetidae, and Spionidae Zeppilli et al. 2015) . Other taxa, such as pycnogonids, ophiuroids, cnidarians, foraminiferans, the polychaete family Dorvilleidae, and ostracods, represented new records not yet found on deployed substrata on the Eiffel Tower. Some of them, such as pycnogonids and ophiuroids, are mainly visible on imagery (e.g., Cuvelier et al. 2014) .
Among the few taxa (i.e., mainly polychaetes) confined on the sponges at inactive sites (4 and 5), only one was a new record. It has never been reported on neither deployed substrata nor from natural populations from the Eiffel Tower vent: the Trichobranchidae polychaete family. The presence of this taxon has already been reported from a low-temperature shallow-water hydrothermal vent field in the North Atlantic Ocean (the Mohn Ridge vent field; Schander et al. 2010 ) and recognized by the authors as a non-typical vent taxon. This could explain its presence only at the inactive site.
The total faunal taxonomic richness decreased with distance from vent emissions (i.e., E2 > E3 > E5 > E4), the inactive site exhibiting the lowest taxon number. Concerning the rarefaction diversity indices, the highest values were at the external site (i.e., E5 > E2 > E3 > E4). This finding was not totally in line with that reported by Cuvelier et al. (2014) , in which high densities but low diversity characterized the substrata at the most active sites. The highest faunal density was found on the sponge from the most active site, while the lowest was found at the site with low hydrothermal influence (site 4). Both faunal size classes followed the same trend, exhibiting a slight increase on the sponge from site 5. This decreasing pattern of density with decreasing vent emissions was observed in most of our colonization studies at Eiffel Tower Zeppilli et al. 2015 ; present study). Indeed, a higher faunal abundance at the proximity of vent emissions is considered a typical feature of hydrothermal ecosystems (Tsurumi and Tunnicliffe 2001) . Hence, areas with higher vent fluid emissions favor the recruitment of vent fauna (Metaxas and Kelly 2010) . However, the patterns were different for the study by Plum et al. (2017) , in which trends in copepods density were linked to the substratum type. That is, an increasing density with decreasing fluid emission was reported from wood substrata; on bone and slate substrata, copepod density tended to decrease from high and intermediate vent activity sites to the external ones. A higher taxonomic richness was reported on the sponges located at the most active sites. The dominance of certain groups, such as bivalve settlers on E4 or ostracods on E5, has an impact on the rarefaction diversity indices, so that the highest diversities are found on the site with no hydrothermal influence for the total fauna and macrofauna and at site 4 for the meiofauna. The colonization index was also higher on the substrata from the active sites than on those from the less active to inactive sites, suggesting that the presence of fluids is favorable to recruitment.
Variations in vent fluid composition is one of the main drivers of faunal composition at Eiffel Tower (Cuvelier et al. 2011b; Sarrazin et al. 2015; Husson et al. 2017) . This is in accordance with several vent ecological studies showing that thermal conditions (and associated factors) play a key role in defining the spatial distribution of the hydrothermal fauna. Similarly, we found that the variability in faunal composition could be explained mainly by the position of our sponges from fluid emission. This was confirmed by the PCA, which supports a significant difference in community composition (abundance, diversity, composition) between the sponges from the active (2 and 3) and inactive (4 and 5) sites. Gradients of temperature and hydrothermal flux also influenced faunal abundance and diversity in other vent colonization experiments (Shank et al. 1998; Mullineaux et al. 2010; Kelly et al. 2007 ). In addition to the environment, the distribution, abundance, and diversity of settlers are also determined by other factors, including biological interactions (Mullineaux et al. 2003; Bates et al. 2005 ).
Influence of substratum heterogeneity: some preliminary considerations
The presence of complex physical structures at hydrothermal vents may lead to the formation of microhabitats (Kelly and Metaxas 2008 ). This increased heterogeneity may contribute to the provision of space and accumulation of food sources and offer protection against predators (Van Dover 2003; Govenar and Fisher 2007; Kelly and Metaxas 2008) . Therefore, substratum heterogeneity is expected to positively influence the diversity, richness, and abundance of associated fauna (Govenar et al. 2005; Bergquist et al. 2007 ).
This study shows that the complex structure of synthetic sponges supports colonization by the vent fauna. Studies with inorganic sponges as colonizing substrata were previously performed on the EPR (Kelly and Metaxas 2008; Gollner et al. 2013 Gollner et al. , 2015 . These studies showed that artificial sponges were a suitable colonization substratum, as they significantly contribute to enhancing the abundance (higher abundance compared to basalts), diversity (higher number of taxa on sponges), and evenness of colonizers compared to other inorganic substrata (e.g., basalt). Kelly and Metaxas (2008) reported that the complex structure of sponges contributed to the successful colonization of smaller species of polychaetes, larvae of gastropods, and meiofaunal taxa. Similarly, the sponges deployed at Eiffel Tower (present study) harbored a high percentage of juveniles and larval stages (e.g., larvae of gastropods). A sex ratio biased in favor of nematode females was found in our sponge samples, and high percentages of gravid nematode females of Cephalochaetosoma (27%-50%) and Halomonhystera (65%-84%) were observed at the high and intermediate vent sites, indicating a mature community in the reproductive stage. The presence of abundant nauplii and juvenile copepod stages on sponges from active sites supported previous observations from other inorganic and organic substrata (Plum et al. 2017) and from the natural community (Ivanenko et al. 2012; Sarrazin et al. 2015) . This finding indicates that the Eiffel Tower copepod community is well established and is able to thrive in different microhabitats Plum et al. 2017) , and also contradicts previous assumptions that copepod larval stages would only inhabit microhabitats outside the hydrothermal influence (Tsurumi and Tunnicliffe 2001) .
Although better replication and an in-depth taxonomic identification are needed, the results from our pilot study suggest that synthetic sponges can be a suitable colonizing substratum for some taxa not found on other organic and inorganic substrata (e.g., ophiuroids, pycnogonids, cnidarians, and foraminiferans). Moreover, sponges can act as a trap for juveniles and larvae of benthic fauna, likely due to their 3D/ convoluted shape and their position at~50 cm above the bottom, which may have contributed to the retention of swimming larvae. Substratum properties (e.g., roughness, heterogeneity, presence of small interstitial spaces) rather than their nature (e.g., organic vs. inorganic) may be more important in favoring larval settlement (Balazy and Kuklinski 2017). As they favor settlers from the water column compared to benthic immigrants (regardless of their life stage), sponge substratum floating above the seafloor may provide valuable insights in terms of export of colonists from the benthic community to the bentho-pelagic compartment and import of planktonic colonists to the benthic communities. This might significantly improve our understanding of the mechanisms and sources of recolonization in challenged benthic habitats.
